Memories are not stored as static engrams, but as dynamic representations affected by processes occurring 31 after initial encoding. Previous studies revealed changes in activity and mnemonic representations in 32 visual processing areas, parietal lobe, and hippocampus underlying repeated retrieval and suppression. 33
Introduction 75
Historically, memories were seen as more or less stable traces or engrams. After initial formation, memory 76 traces are affected by consolidation leading to stabilization and weakening leading to forgetting 77 (Ebbinghaus, 1885; Lashley, 1950; Müller and Pilzecker, 1900) . However, contemporary research has 78 provided ample evidence showing that memories continue to be dynamically adapted after initial encoding 79 and thus, can be modified by external factors throughout their existence. For instance, retrieval practice 80 can reinforce memory traces (Karpicke and Roediger, 2008), promote meaningful learning (Karpicke and 81 Blunt, 2011), and protect memory retrieval against acute stress (Smith et al., 2016) . In contrast, retrieval 82 suppression can prevent unwanted memories to be retrieved (Anderson and Green, 2001) , and reduce their 83 emotional impact (Gagnepain et al., 2017) . 84
Previous neuroimaging studies identified several neural changes that could explain the retrieval-mediated 85 memory enhancement: after repeated retrieval, several studies reported decreased or increased univariate and hippocampus to characterise memory traces during memory retrieval and further examined the linear 130 relationship between the two neural changes within the same regions. Furthermore, we adopted a novel 131 design to disentangle perception-related neural activities associated with memory cues presented at the test 132 and retrieval-related neural reactivation associated with reactivated mental images. One method to 133 separate these two processes is to use two perceptual modalities (e.g. sounds as memory cues, and pictures 134 as information to be retrieved) (Bosch et al., 2014) . Here, we used highly similar visual memory cues 135 across different memory associations. Thus, item-specific neural patterns (at least in visual areas) during 136 retrieval more likely to be caused by retrieval-related memory reactivation instead of visual processing of 137 memory cues. 138
To sum up, our primary goal is to reveal if two behavioural techniques (i.e. retrieval and suppression) can 139 modulate initial consolidated associative memories, and if such modulation results in altered activity 140 and/or activity patterns detected by fMRI. We first investigated the possibility that associative memories 141 can still be modulated after 24 hours. Behaviorally, we asked whether repeated retrieval and memory 142 suppression would oppositely strengthen or weaken original memory traces. Next, using fMRI, we 143 examined whether retrieval and suppression would modify neural measures of memory reactivation (i.e. 144 activity amplitude and activity pattern variability) oppositely. to-normal or normal vision and reported no history of psychiatric or neurological disease. All of them are 152 native Dutch speakers. Two participants were excluded from further analyses due to memory performance 153 at the chance level, three additional participants were excluded, because of excessive head motion during 154 scanning. We used the motion outlier detection program within the FSL (i.e. FSLMotionOutliers) to detect 155 timepoints with large motion (threshold=0.9). There are at least 20 spikes detected in these excluded 156 participants with the largest displacement rangeing from 2.6 to 4.3 while participants included had less 157 than 10 spikes. Neuroimaging data of one additional participant was partly used: she was excluded from 158 the analysis of the modulation phase (Think/No-Think paradigm) due to head motion (in total 53 spike, 159 largest displacement=5.7) only during this task, while his/her data during the other tasks were included in Arnhem-Nijmegen, The Netherlands) and the declaration of Helsinki, including the requirement of written 170 informed consent from each participant before the beginning of the experiment. 171
Materials 172

Locations and maps 173
We used 48 distinctive locations (e.g. buildings, bridges) drawn on two cartoon maps as memory cues. 174
The maps are not corresponding to the layout of any real city in the world and participants have never 175 been exposed to the maps before the experiment. During the task, the whole map was presented with 176 sequentially highlighting specific locations by coloured frames as memory cues. By doing this, we kept 177 visual processes during memory tasks largely consistent. 178
Pictures 179 48 pictures (24 neutral and 24 negative pictures) from the International Affective Picture System 180 (IAPS) (Lang et al., 1997) were used in this study, and these pictures can be categorised into one of four 181 groups: animal (e.g. cat), human (e.g. reading girl), object (e.g. clock) or scene (e.g. train station). 182
Category information was used for the following memory-based category judgment test. All images were 183 converted to the same size and resolution for the experiment. 184
Picture-location associations 185
Each picture was paired with one of the 48 map locations to form specific picture-location 186 associations. We (W.L and J.V) carefully screened all the associations to prevent the explicit semantic 187 relationship between picture and location (e.g. lighter at the-fire department). All 48 picture-location 188 associations were divided into three groups for different types of modulation (See Modulation Phase). For 189 each map, 24 locations were paired 6 pictures from each category. One-third of associations (8 190 associations; 2 pictures from each category) on that map were retrieval associations (i.e. "think" 191 associations), one-third of associations were suppression associations (i.e. "no-think" associations), and 192 remaining one-third are control associations. 193
Experiment design 194
Overview of the design 195
This study is a two-session fMRI experiment, with the 24 hours interval between two sessions (Figure 196 1A). Day1 session consists of the familiarization phase ( Figure 1B ), the study phase ( Figure 1C ), and the 197 immediate typing test. The Day2 session consists of the second typing test, the modulation phase ( Figure  198 1D), and the final memory test ( Figure 1E ). Among these phases, the familiarization, modulation, and the 199 final memory test phase were performed in the scanner, while the study phase and two typing tests were 200 performed in the behavioural lab. 201
Familiarisation phase 202
To obtain the picture-specific brain responses to all 48 pictures, participants was performed initially 203 the familiarisation phase while being scanned ( Figure 1B ). The second purpose of the task is to let 204 participants become familiar with the pictures to be associated with locations later. Each picture was 205 shown four times for 3s distributed over in total of four functional runs. The order of the presentation was 206 pseudorandom and pre-generated by self-programmed Python code. The dependencies between the orders 207 of different runs were minimized to prevent potential sequence-based memory encoding. To keep 208 participants focused during the task, we instructed them to categorise the presented picture via the 209 multiple-choice question with four options (animal, human, object, and scene). We used an exponential 210 inter-trial intervals (ITI) model (mean=2s, minimum=1s, maximum=4s) to generate the ITIs between 211 trials. Participants' responses were recorded by an MRI-compatible response box. 212
Study phase 213
Each picture-location association was presented twice in two separate runs ( Figure 1C ). During each 214 study trial, the entire map was first presented for 2.5s, then one of the 48 locations was highlighted with a 215 BLUE frame, for 3s, and finally, the picture and its associated location were presented together for 6s. We 216 pre-generated a pseudorandom order of the trials to minimize the similarity between the orders in 217 familiarization and the study phase. 218
Typing test phase 219 presentation. Specifically, they answered a multiple-choice question with four options (Never, Sometimes, 245
Often, and Always) by pressing the button on the response box to indicate whether the associated picture 246 entered their mind during that particular trial. 247
The modulation phase consisted of five functional runs (64 trials per run). In each run, 32 locations 248 (half retrieval trials, and half suppression trials) were presented twice. Therefore, each memory cue that 249 did not belong to the control condition was presented ten times during the entire modulation phase. Again, 250
we pre-generated the presentation orders to prevent similar order sequences across five modulation runs. 251
Between each trial, fixation was presented for 1-4s (mean=2s, exponential model) as ITI. 252
Final test phase 253
After the modulation phase, participants performed the final memory test within the scanner ( Figure  254 1E). All 48 locations (including both the retrieval/suppression associations as well as control associations) 255 were presented again by highlighting a specific map location with a BLUE frame. During its presentation 256 (4s), participants were instructed to recall the associated picture covertly but as vividly as possible and 257 keep the mental image in their mind. Critically, visual inputs during this phase were highly similar across 258 trials because entire maps were always presented, just with different locations highlighted. Next, 259
participants were asked to give the responses on two multiple-choice questions within 7s (3.5s for each 260 question): (1) "how confident are you about the retrieval?" They responded with one of the four following 261 options: Cannot recall, low confident, middle confident and high confident.
(2) "Please indicate the 262 category of the picture you were recalling?" They also had four options to choose from (Animal, Human, 263
Object, and Scene). again, and participants were instructed to report the memory confidence and categorise the picture that came to mind.
275
Behavioral data analysis 276
Familiarisation phase 277
We did not check for the accuracy of the category judgement because there might be different 278 opinions. However, we used individual responses to control for subjective category categorisation for the 279 following memory performance evaluation. Specifically, if a participant consistently labelled a given 280 picture across four repetitions as a different category compared to our predefined labels, we generated an 281 individual-specific category label and used this category label for this picture to evaluate the responses in 282 the final test. Otherwise, we used predefined labels to evaluate the responses. 283
Typing test 284
Participants' answers were evaluated by two native Dutch experimenters (S.M and J.V) independently. 285
The general principle is that if the answer contains enough specific information (e.g. a little black cat), to 286 allow the experimenter to identify the picture from the 48 pictures used, it was labelled as correct. In 287 contrast, if the answer is not specific enough (e.g. a small animal), then it was labelled as incorrect. We 288 used Cohen's kappa coefficient (κ) to measure inter-rater reliability. In general, κ lager than 0.81 suggests 289 almost perfect reliability. If two accessors had different evaluations, the third accessor (W.L) determined 290 the final result (i.e. correct or incorrect). After the immediate typing test, we only invited participants with 291 at least 50% accuracy to the Day2 experiment. Three out of 35 recruited participants did continue on Day2 292 session. For the typing test 24 hours later, participants' responses were evaluated by the same 293 experimenters again. Based on the participants' responses in this typing test, we identified picture-location 294 associations that the given participant did not learn or already forgot. These associations were not 295 considered in the following behavioural and neuroimaging analyses, because participants have no memory 296 associations to be modulated. We calculated the average accuracies for the immediate typing test and 297 typing test 24 hours later and investigated the delay-related decline in memory performance using a paired 298 t-test. 299
Responses during the modulation phase were analysed separately for retrieval trials and suppression 301 trials. We first calculated the percentage of each option (never, sometimes, often, and always) chosen 302 across 160 retrieval trials and 160 suppression trials for each participant. Next, we quantified the dynamic 303 changes in task performance across repetitions (runs). Before the following analyses, we coded the 304 original categorical variable using numbers (Never-1; Sometimes-2; Often-3; Always-4). For all the 305 established picture-location associations, we calculated their average retrieval frequency rating (based on 306 retrieval trials) and intrusion frequency rating (based on suppression trials) on each repetition. We used a 307 repeated-measures ANOVA to model changes in retrieval and intrusion frequencies rating across 308 repetitions to test if the repeated attempt to retrieve or suppress a memory trace would strengthen or 309 weaken the associations respectively. Additionally, to quantify individual differences in memory 310 suppression efficiency (Levy and Anderson, 2012), we calculated the intrusion slope score for each 311 participant. Using all the intrusion rating for suppression trials, we used linear regression to calculate the 312 slope of intrusion ratings across the ten repetitions for each participant. An increasingly negative slope 313 score reflects better control at preventing associated memories come into awareness. 314
Final test phase 315
For each trial of the final test, we calculated both a subjective memory measure based on the 316 confidence rating (1,2,3,4) and an objective memory measure based on the category judgment 317 (correct/incorrect). Also, we recorded the reaction times (RT) for category judgments to estimate the 318 speed of memory retrieval. To investigate the effect of types of modulation on the subjective, objective 319 memory, and retrieval speed, we performed a repeated-measure ANOVA to detect within-participants' 320 differences between RETRIEVAL ASSOCIATIONS, SUPPRESSION ASSOCIATIONS, and CONTROL 321 ASSOCIATIONS. To assess individual differences in suppression-induced forgetting, we calculated the 322 suppression score by subtracting the objective memory measure of retrieval suppression associations 323 ("no-think" items) from control association. Participants showed more forgetting as the result of 324 suppression had more negative suppression scores. 325
Combinatory analysis of modulation and final test phase 326
To replicate the relationship between memory suppression efficiency during the TNT task and 327 suppression-induced forgetting during later retrieval tests reported before (Levy and Anderson, 2012), we 328 correlated suppression scores with intrusion slope scores across all participants. Notably, sample size 329 (N=26) of this cross-participant correlational analysis is modest, but it is just a secondary analysis of 330 replication. 331
fMRI data acquisition and pre-processing 332
Acquisition 333 MRI data were acquired using a 3.0 T Siemens PrismaFit scanner (Siemens Medical, Erlangen, 334
Germany) and a 32 channel head coil system at the Donders Institute, Centre for Cognitive Neuroimaging 335 in Nijmegen, the Netherlands. For each participant, MRI data were acquired in two MRI sessions (around 336 1 hour for each session) with 24 hours' interval. We used three types of sequences in this study: (1) a 3D 337 magnetization-prepared rapid gradient echo (MPRAGE) anatomical T1-weighted sequence with the 338 following parameters: 1 mm isotropic, TE = 3.03 ms, TR = 2300 ms, flip angle = 8 deg, FOV = 256 × 256 339 × 256 mm; (2) Echo-planar imaging (EPI)-based multi-band sequence (acceleration factor=4) with the 340 following parameters: 68 slices (multi-slice mode, interleaved), voxel size 2 mm isotropic, TR = 1500 ms, 341 TE = 39 ms, flip angle =75 deg, FOV = 210 × 210 × 210 mm; (3) field map sequence (i.e. magnitude and 342 phase images) were collected to correct for distortions (voxel size of 2 × 2 × 2 mm, TR = 1,020 ms, TE = 343 12 ms, flip angle = 90 deg). 344
During the day1 session, anatomical T1 image was acquired firstly, followed by the field map 345 sequence. Before the four EPI-based pattern localization runs, 8 minutes of resting-state data were 346 acquired from each participant using the same sequence parameters. Day2 session began with the field 347 map sequence. Thereafter, we acquired six EPI-based task-fMRI runs (five runs of the modulation phase 348 and one run of the final test phase). 349
Preprocessing of neuroimaging data 350
All functional runs underwent the same preprocessing steps using FEAT (FMRI Expert Analysis Tool) 351 non-brain removal using BET (Smith, 2002); grand-mean intensity normalisation of the entire 4D dataset 358 by a single multiplicative factor. We used different spatial smoothing strategies based on the type of 359 analysis. For data used in univariate analyses, we applied a 6mm kernel. In contrast, for data used in 360 multivariate pattern analyses, no spatial smoothing was performed to keep the voxel-wise pattern 361
information. In addition to the default FSL motion correction algorithm, we used ICA-AROMA to further 362 remove the motion-related spurious noise and chose the results from the "non-aggressive denoising" 363 algorithm for the following analyses. Prior to time-series statistical analyses, highpass temporal filtering 364 (Gaussian-weighted least-squares straight line fitting with sigma=50.0s) was applied. 365
Registration between all functional data, high-resolution structural data, and standard space was 366 performed using the following steps. First, we used the Boundary Based Registration (BBR) (Greve and 367 hippocampus might carry picture-specific and category-specific information of the memory contents 376 during retrieval. Therefore, we chose them as the ROIs in our fMRI analyses. All ROIs were first defined 377 in the common space and back-projected into the participant's native space for within-participant analyses 378 using parameters obtained from FSL during registration. 379
We defined anatomical VVC ROI based on the Automated Anatomical Labeling (AAL) human atlas 380 which is implemented in the WFU pickatlas software (http://fmri.wfubmc.edu/software/PickAtlas). The 381 procedure was used before in a previous neural reactivation study conducted by Wimber and colleagues 382 (Wimber et al., 2015). Brain regions including bilateral inferior occipital lobe, parahippocampal gyrus, 383 fusiform gyrus, and lingual gyrus were extracted from the AAL atlas and combined to the VVC mask. The 384
VVC mask was mainly used as the boundary to locate visual-related voxels in the following activtiy 385 pattern analyses. 386
The ROIs of the hippocampus and parietal lobe (including angular gyrus (AG), supramarginal gyrus 387 (SMG), and precuneus) were defined using a bilateral mask within the AAL provided by WFU pickatlas 388 software. To yield better coverage of participants' anatomies, the original mask was dilated by a factor of 389 2 in the software. 390
Univariate Generalized Linear Model (GLM) analyses of response amplitude 391
GLM analyses of neuroimaging data from the final test phase 392
To investigate how different modulations (retrieval/suppression) affect the subsequent univariate 393 activation, we ran voxel-wise GLM analyses of the final test run. All time-series statistical analysis was 394 carried out using FILM with local autocorrelation correction (Woolrich et al., 2001) using FEAT. In total, 395 six regressors were included in the model. We modelled the presentation of memory cues (locations) as 396 three kinds of regressors (duration=4s) based on their modulation history (retrieval, suppression, or 397 control). To account for the effect of unsuccessful memory retrieval, we separately modelled the location-398 picture associations that participants could not recall as a separate regressor. Lastly, button press were 399 modelled as two independent regressors (confidence and category judgment). All trials were convolved 400 with the default hemodynamic response function (HRF) within the FSL. 401
We conducted two planned contrasts (retrieval vs control and suppression vs control) first at the 402 native space and then aligned, resulting statistical maps to MNI space using the parameters from the 403 registration. These aligned maps were used for the group-level analyses and corrected for multiple 404 comparisons using default cluster-level correction within FEAT (voxelwise Z>3.1, cluster-level p < .05 405 FWER corrected). All of the contrasts were first conducted at the whole-brain level. Then, for the ROI 406 analyses, we extracted beta values of these ROIs from the final test and compared them for the same 407 contrasts (retrieval vs control and suppression vs control). 408
GLM analyses of neuroimaging data from the modulation phase 409
We ran the voxel-wise GLM analyses for each modulation run separately. In total, three regressors 410
were included in the model. We modelled the presentation of the memory cues (location) as two kinds of 411 regressors (duration=3s) according to their modulation instruction (retrieval or suppression). Button press 412 was modelled as one independent regressor. In addition, if applicable, location-picture associations that 413 our participants could not recall were modelled as a regressor. For ROI analyses, we extracted beta values 414 of these ROIs from whole-brain maps of each modulation run separately. We investigated repetition-415 related changes in beta values using the Repeated ANOVA for retrieval and suppression condition 416 separately. No multiple comparison correction was used to control for the number of ROIs involved, and 417
we reported raw p-values for each ROI analysis. 418
Multivariate pattern analyses of brain activation patterns 419
Activity pattern estimation 420
All preprocessed (unsmoothed) familiarisation, modulation, and final test functional runs were 421 modelled in separate GLMs in each participant's native space. For each trial within familiarisation, we 422 generated a separate regressor using the onset of picture presentation and 3s as the duration. At the same 423 time, we generated one regressor for different button presses of the category judgment to control for the 424 motor-related brain activity. In total, 49 regressors were included in the model. This procedure led to a 425 separate statistical map (t-values) for each trial. Similarly, for each modulation and final test run, we 426 generated a separate regressor using the onset of the presentation of location (memory cue) and 3s as the 427 duration. However, button presses were not included in the model because they may potentially carry 428 ongoing memory-related information. Also, we got a separate t map for each modulation or test trial. 429
Searchlight analysis of picture-sensitive voxels 430
For each participant, brain data on the familiarisation phase (i.e. pattern localisation phase) was 431 analyzed using the searchlight method (Kriegeskorte et al., 2008, 2006) across the entire brain. More 432 specifically, for each searchlight (centred at every voxel in the brain, a sphere with the radius of 5mm) of 433 each participant, we trained Support Vector Classification (SVC) classifier to differentiate the activity 434 patterns elicited by each picture (or each category) and tested its predictive power using the leave-one-run-435 out cross-validation. Specifically, for each trial, activity patterns within the searchlight were extracted. 436
Since each picture was presented four times during four pattern localization runs, in total, we got four 437 activity patterns within the searchlight for each picture. The within-participant classification was 438 performed using the leave-one-run-out cross-validation: activity patterns of one particular run were left 439 out as the testing dataset, and the remaining three runs were used as the training dataset to train the 440 Support Vector Classification (SVC) model. After all the training-testing procedures, our analyses resulted 441 in one accuracy value to represent the overall predictive power of the activity patterns within this 442 particular searchlight. The searchlight walked through the entire brain of each participant. After the 443 searchlight procedure, each participant yielded a classification accuracy map and each voxel within the 444 map stored the classification accuracy of that particular searchlight sphere. To allow the group inferences 445 of the brain regions, we performed one-sample t-tests on all of the classification accuracy maps and tested 446 them against chance (chance level=1/48, 2%). Since we would like to identify picture-sensitive voxels 447 within the VVC, we overlapped the voxels identified by the searchlight (p uncorrected <0.001) with the 448 anatomical VVC mask. Because choosing the p uncorrected<0.001 as the threshold is arbitrary, we also used 449 other thresholds (p uncorrected <0.05 and p uncorrected<0.01) to define the significant voxels and further 450 validated our results using different threshold-dependent masks. 451
To further validate the localisation of picture-sensitive voxels within the VVC, we performed the 452 ROI-based cross-participant classification based on the same pattern localisation data. Instead of 453
performing the leave-one-run-out cross-validation, we used the leave-one-participant-out cross-validation 454 (LOOC). Firstly, t maps for each picture and each run were transformed from native space to standard 455 space to enable the cross-participant predictive model training and testing. Then, the identified voxels 456 within the VVC were used as a mask to extract spatial patterns of activation. Finally, data from N-1 457 participants was used to train the SVC model, and the remaining participant was used to assess the model. 458
It is notable that cross-participant classification is just the confirmatory analysis of the searchlight 459 classification and should not be regarded as the independent analysis. The cross-participant classification 460 was also repeated in three clusters of VVC voxels under different thresholds (p uncorrected<0.05, p 461 uncorrected<0.01, and p uncorrected<0.001). 462
Pattern reinstatement analysis 463
The VVC voxels identified by searchlight analysis and other anatomical-defined masks (including 464 hippocampus, AG, SMG, and precuneus) were used as the mask in the cross-task classification of memory 465 contents. For each trial's t-map estimated based on the final test run, we transformed it from native space 466 to standard space. ROI-based activity patterns from both the modulation phase and final test phase were 467 extracted using ROI masks. We performed cross-task LOOC to reveal the shared neural representation of 468 the perception and retrieval of the same visual stimulus. Activity patterns estimated based on the pattern 469 localisation of the N-1 training participants were used to train the SVC predictive model. We used the 470 activity pattern during the final test evoked by the corresponding location (memory cure) of the remaining 471 test participant, together with the trained SVC model to predict the memory content on a trial-by-trial 472 basis. Critically, the SVC model was trained solely on the localiser data (day1), and it was applied on the 473 final memory test (day2) without further model fitting,. Moreover, during the final test, visual input is 474 highly similar across trials because we just highlighted each location on an identical map as the memory 475 cue. Therefore, if the classification accuracy is higher than chance level, the classification is unlikely 476 based on the neural responses to the memory cues only. For each ROI, we first calculated the average 477 decoding accuracy for each participant and tested them against chance. The higher-than-chance-level 478 decoding accuracy is the evidence for neural pattern reinstatement during memory retrieval for that 479 particular ROI. Materials; Table S1-S2). 487
ROI-based trial-by-trial pattern variability analysis on the modulation and final test data 488
Representation similarity analysis (RSA) (Cohen et al., 2017) was used to calculate trial-by-trial 489 pattern variability within particular types of test trials (e.g. recall of associations belongs to the 490 RETRIEVAL ASSOCIATIONS). Given the nature of the within-participant analysis and to improve the 491 pattern variability estimation, we based all calculations on activity patterns in the native space. 492
Firstly, we analysed the multivariate activation patterns of the final test. The identified VVC voxels 493 ( Figure 2A) were transformed from standard space to native space and then used as a mask to extract 3D 494 single-trial activity patterns to 2D vectors and z-scored for the latter correlational analysis. Activation 495 patterns of the hippcampus ( Figure 2B ), angular gyrus ( Figure 2C ), supramarginal gyrus ( Figure 2D ), and 496 precuneus ( Figure 2E) were extracted in the same way. After excluding all trials with incorrect memory-497 based category judgement, we divided the remaining trials into three conditions based on their modulation 498 history (e.g. retrieval practice or retrieval suppression). Next, for activity patterns of trials within the same 499 condition, we calculated neural pattern variability using Pearson correlations between all possible pairs of 500 trials within the group ( Figure 2F ). The calculations led to three separate correlation matrices for three 501 types of test trials for each participant. Finally, we used the mean value of all of the r-values located at the 502 left-triangle to represent the neural pattern variability of the condition (higher the r-value, lower the 503 pattern variability). All mean r-values were Fisher-r-to-z transformed before the following statistical 504 analyses. Next, we used the same approach to analyse the modulation data. For each presented location, activity 509 patterns were extracted using the same mask from five modulation runs. Similarly, within-condition 510 (retrieval or suppression) trial-by-trial pattern variability was calculated for each condition and each run. 511
The dynamic change was modelled using the condition by run interaction using the ANOVA analysis. 512 2.9 Data and code availability. 513
All raw data required to reproduce all analyses and figures are uploaded onto the Donders Data Repository 514 (https://data.donders.ru.nl/) and will be publicly available upon publication. Custom scripts used in this 515 study will be made publicly available via the Open Science Framework (OSF) and can be requested from 516 the corresponding authors. 517 within the ventral visual cortex (VVC). We identified voxels whose activity patterns can be used to differentiate pictures that were 520 processed during the familiarization phase and were reactivated during successful memory retrieval during the final test. images" were retrieved based on highly similar memory cues (different locations within maps were cued). We derived activation 524 patterns for each memory retrieval trials based on fMRI data, and then quantify the pattern variability across trials using Person's 525 r. Lower the similarity measure (r-value), higher the pattern variability. (G) Considering the highly similar perceptional 526 processing, vivid "mental images" during memory retrieval should be reflected in higher activity pattern variability.
RESULTS 528
Behavioural results 529
Pre-scan memory performance immediately after study and 24 hours later 530
During the immediate typing test (day1), 88.01% of the associated pictures were described correctly (SD= 531 10.87%; range from 52% to 100%). Twenty-four hours later, participants still recalled 82.15% of all 532 associations in the second typing test (SD = 13.87%; range from 50% to 100%). Although we observed 533 less accurate memory 24 hours later (t=4.73, p<0.001) ( Figure S1 ), participants could still remember most 534 location-picture associations well. 535
Behavioural performance during the modulation phase 536
During retrieval trials, participants reported that most associated pictures were successfully recalled 537 (mean=84.05%, SD=11.79 %, range from 56.25% to 100%; Figure 3A ). This number is close to the 538 accuracy of the second typing test immediately before the modulation phase. Critically, we observed that 539 with repeated attempts to retrieve, trial-by-trial retrieval frequency rating increased over repetitions, 540
suggesting that retrieved pictures were more likely to stay stable (F [9,26]=5.77, p<0.001, η² =0.182; 541 Figure 3B ). 542
For the analyses of suppression trials, we excluded all location-picture associations which the participant 543 could not describe correctly immediately before the modulation phase (i.e. Typing Test Day2). This 544 approach controlled for individual differences in memory that could interfere with the analysis of memory 545 suppression. On suppression trials, participants reported that they successfully suppressed the tendency to 546 recall the associated pictures in about half of the trials (mean=50.62%, SD=25.35%, range from 4% to 547 92.5%; Figure 3C ). As shown in think/no-think literature before (Levy and Anderson, 2012), trial-by-trial 548 intrusion frequency rating declined from the first to the tenth repetition (F [9,26]=4.837, p<0.001, η² 549 =0.157; Figure 3D ). These results suggest that participants were successful at retrieving or suppressing 550 memory traces according to tasks instructions. 551
Memory performance during the final memory test 552
During the final test, participants selected, on average, the correct category (chance level=1/4) for the 553 associated picture on 91.82% (SD = 6.05%; range from 70.83% to 100%) of the successfully recalled 554
associations of the typing test on day2 (mean=39.43). We then examined how repeated retrieval and 555 suppression affected memory performance. First, we compared recall accuracies between three kinds of 556 associations (i.e. RETRIEVAL ASSOCIATIONS, SUPPRESSION ASSOCIATIONS, and CONTROL 557 ASSOCIATIONS). Analysis of objective recall accuracy after modulation showed no significant main 558 effect of modulation (F [2,26]=0.524, p=0.595, η² =0.02; Figure 3E ). Due to the lack of suppression-559 induced forgetting effect (lower accuracy for SUPPRESSION ASSOCIATIONS compared to CONTROL 560 ASSOCIATIONS) at the group level, we performed a correlational analysis to associate performance 561 during memory suppression and the final memory test. We found that participants who were more 562 effective in suppressing intrusions (higher intrusion slope score) during the modulation phase were the 563 ones who showed larger suppression-induced forgetting effects (r=0.411, p=0.03; Figure 3F ), suggesting 564 that successful retrieval suppression was subsequently associated with suppression-induced forgetting. 565
This correlation was also reported before in the think/no-think literature (Levy and Anderson, 2012) . 566
Additionally, we investigated the effect of modulation on memory confidence and found a significant 567 main effect (F [2,26]=5.928, p=0.005, η² =0.186; Figure 3G ). Post-hoc analyses revealed higher recall 568 confidence for RETRIEVAL ASSOCIATIONS compared to the CONTROL ASSOCIATIONS (t=3.35, p 569 holm=0.007) and a trend towards higher confidence compared to SUPPRESSION ASSOCIATIONS that just 570 failed to reach our threshold for statistical significance (t=2.172, p holm=0.07). Finally, we asked if 571 modulation affected retrieval speed indexed by the RT during the final test. Even though we did not find a 572 significant main effect of modulation (F [2,26]=2.905, p=0.06, η² =0.10; Figure 3H ), recall of 573 RETRIEVAL ASSOCIATIONS was faster compared to the recall of CONTROL ASSOCIATIONS (t=-2.486, 574 p=0.02). 575 
Measuring the pattern reinstatement of individual memory during retrieval 592
The Support Vector Classification (SVC)-based searchlight analysis revealed brain regions including the 593 lateral occipital cortex, fusiform gyrus, lingual gyrus, and calcarine cortex which showed picture-specific 594 activation patterns during the perception (uncorrected pvoxel<0.001, Figure 4A ). We restricted our 595 following activation pattern analyses to these voxels within the anatomical VVC boundary ( Figure 4B) . 596
Next, we confirmed that these voxels can be used for cross-participant classification of the visual stimulus 597 during perception. We trained the SVC based on activation patterns of N-1 participants and tested the 598 model using the remaining subject. Results from the leave-one-out cross-validation (LOOC) confirmed 599 these VVC voxels do enable cross-participant picture classification (mean accuracy=67.59%, SD=16.73%, 600 one-sample t-test: t=20.37, p<0.001, Figure 4D ). 601
The preceding results established that, unsurprisingly, activity patterns of voxels within the VVC carry 602 picture-specific information during perception, we next examined if we can detect the pattern 603 reinstatements of memory traces within the same area during the final memory test. We trained the SVC 604 model based on the neuroimaging data from the pattern localisation phase to classify the trial-by-trial 605 memory content in the final test ( Figure 4C ). Results showed that the classifiers can decode memory 606 content based on activity patterns during the final test with an accuracy higher than chance level (mean 607 accuracy=46.84%, SD=16.82%, one-sample t-test: t=13.85, p<0.001, Figure 4E ), although the accuracy is 608 significantly lower than the within-task classification of the perceived visual stimulus (paired t-test: 609 t=4.66, p<0.001; Figure 4F ). 610
We ran two control analyses to test the robustness of observed pattern reinstatement in the VVC during 611 retrieval. We first examined the effect of arbitrary thresholds used in cluster formation on the subsequent 612 classification of memory contents. Specifically, we used the two additional thresholds (uncorrected p 613 voxel=0.01 and 0.05) to identify picture-sensitive voxels during the whole-brain searchlight analysis and 614 confirmed that the classifications could also be performed based on picture-sensitive voxels under other 615 thresholds (0.01 and 0.05)( Figure S2 ). In addition, beyond picture-specific classifications, we investigated 616 the possibility of category-specific classifications based on brain activity patterns. All of the pictures to be 617 associated can be categorized as one of the four following groups: animal, human, object, or location. 618
Similarly, we localised category-sensitive voxels within the VVC ( Figure S3D ) and confirmed that these 619 voxels also carry category-specific information during perception (mean accuracy=73.5%, SD=8.6%, one-620 sample t-test: t=29.41, p<0.001, Figure S3E ). Also, activity patterns of these category-sensitive voxels 621 during memory retrieval could enable cross-participant, cross-task classification of category during final 622 memory test (mean accuracy=44.4%, SD=10.1%, one-sample t-test: t=10.03, p<0.001, Figure S3F ). 623 contents based on activity patterns during retrieval. Results showed that the classifier can decode the memory 638 contents with the accuracy higher than the chance level (mean accuracy=46.84%, SD=16.82%, one-sample t-test: 639 t=13.85, p<0.001). (F) We observed the significant lower classification accuracies for cross-task classification 640 compared to the within-task classification (paired t-test: t=4.66, p<0.001).
642
Given the role of the hippocampus and parietal lobe in memory retrieval, we also performed the same 643 pattern reinstatement pipeline (shown in Figure 4C ) in these regions. We trained the classifier based on 644 activity patterns of the hippocampus, angular gyrus, supramarginal gyrus, and precuneus during 645 perception and applied it to decode memory content during retrieval. Activity patterns in these regions 646 enabled us to perform picture-specific classification significantly higher than chance level (chance 647 level=2%; left hippocampus: mean accuracy=7.7%, SD=3.7%, p<0.001; right hippocampus: mean 648 accuracy=6.8%, SD=3.7%, p<0.001; left AG: mean accuracy=10.5%, SD=8.1%, p<0.001; right AG: mean 649 accuracy=11.9%, SD=8.2%, p<0.001; left SMG: mean accuracy=9%, SD=7.4%, p<0.001; right SMG: 650 mean accuracy=15.7%, SD=13.8%, p<0.001; left precuneus: mean accuracy=16.7%, SD=7.4%, p<0.001; 651 right precuneus: mean accuracy=19.6%, SD=9.2%, p<0.001). 652
In sum, we identified picture-specific voxels within the VVC and demonstrated the pattern reinstatements 653 of individual memory traces in these voxels during retrieval. The same pattern reinstatements were 654 detected in anatomical-defined hippocampus, AG, SMG and precuneus. These results are the foundations 655 of our following multivariate pattern analysis: the pattern reinstatements 24 hours after initial learning 656 suggested that activity patterns of these regions carry mnemonic representations during retrieval. 657
Repeated retrieval leads to reduced activity amplitude, but more distinct activity patterns 658
Repeated retrieval dynamically reduces the activity amplitude in the visual cortex and hippocampus 659
Compared to CONTROL ASSOCIATIONS, retrieval of RETRIEVAL ASSOCIATIONS was associated with 660 less activation in medial occipital cortex, fusiform gyrus, supplementary motor area (SMA), 661 anterior/medial cingulate cortex (MCC), left precentral gyrus, precuneus, bilateral insula, and bilateral 662 inferior frontal gyrus (IFG) (voxelwise Puncorrected<0.001, p FWE-cluster<0.05; Figure S4A ; Table S3 ). The 663 VVC cluster revealed by the whole-brain analysis largely overlapped with our functional-defined VVC 664 voxels (see Figure S4 for comparison). Our ROI analysis of these functionally-defined VVC voxels 665 confirmed the observation: we found a reduced activity amplitude of the VVC cluster for RETRIEVAL 666 ASSOCIATIONS compared to CONTROL ASSOCIATIONS (t=-4.8, p<0.001; Figure 5A ). The whole-brain 667 analysis did not show an effect of retrieval on the activity amplitude in hippocampal voxels under the 668 same threshold. However, ROI-based analysis of hippocampal signal found reduced activity when 669 retrieving RETRIEVAL ASSOCIATIONS compared to CONTROL ASSOCIATIONS (left hippocampus: t=-670 2.43, p=0.022; Figure 5E ; right hippocampus: t=-2.18, p=0.038; Figure 5G ). For six ROIs of the parietal 671 lobe, we only found a similar retrieval-related activity reduction in the right AG (t=-2.688, df=26, 672 p=0.012; Figure 6C ) and the right precuneus (t=-2.33, df=26, p=0.027; Figure 6K ), but which was not 673 significant in the left AG (p=0.12; Figure 6A ), left SMG (p=0.11; Figure 6E ), right SMG (p=0.19; Figure  674 6G), or left precuneus (p=0.067, Figure 6I) . 675
Next, we confirmed that the observed activity reduction is related to a linear decrease in activity with 676 repeated retrieval using the data from the modulation phase. Specifically, we extracted the beta coefficient 677 from these clusters for each run of the modulation phase and tested for the change in activity amplitude 678 across runs. We found reduced VVC activity over repeated retrieval attempts ( Focusing on the identified VVC voxels, parietal lobe and hippocampus, we calculated the trial-by-trial 688 activity pattern similarity for RETRIEVAL ASSOCIATIONS and CONTROL ASSOCIATIONS separately. 689
Results show that retrieval-related activity patterns for RETRIEVAL ASSOCIATIONS have increased 690 variability in VVC compared to CONTROL ASSOCIATIONS (t=-2.3, df=26, p=0.029; Figure 4C ). To test 691 the robustness of increased pattern variability for RETRIEVAL ASSOCIATIONS in the VVC, we 692 performed the same contrast based on (1) all associations instead of only remembered association, the 693 VVC areas defined by (2) different thresholds and (3) category-sensitive voxels instead of picture-694 sensitive voxels. All control analyses yield the same result as the reported main analysis (Figure S5-S7) . 695
However, we did not observe a similar effect in the hippocampus (left hippocampus: t=-0.91, df=26, 696 p=0.36, Figure 4F ; right hippocampus: t=-0.456, df=26, p=0.65 ; Figure 4H ). For six ROIs of the parietal 697 lobe, retrieval-related enhancement of activity pattern variability was found in right AG (t=-2.148, df=26, 698 p=0.04; Figure 6D ), left SMG (t=-2.1, df=26, p=0.045; Figure 6F ), left precuneus (t=-2.2, df=26, p=0.038; 699 Figure 6J ) and right precuneus (t=-2.8, df=26, p=0.009; Figure 6M ). Similar trend was found in left AG 700 (t=-1.8, df=26, p=0.07; Figure 6B ) and right SMG (t=-1.79, df=26, p=0.08; Figure 6H ), but failed to reach 701 significance. 702
Our ROI analyses already found reduced activity amplitude, but more distinct activity patterns in VVC, 703 right AG, and precuneus. Then we performed the correlational analysis to explore the relationship 704 between changes in activity amplitude and changes in pattern variability across participants. We found 705 that participants who showed a larger reduction in VVC's activity amplitude were more likely to show a 706 larger increase in VVC pattern variability (r=0.610, p<0.001; Figure 5C ). This correlation is also 707 significant for right precuneus (r=0.427, p=0.026), but not for right AG (r=-0.051, p=0.799). 708
To characterise the dynamic modulation of activity pattern variability in the VVC, we further applied the 709 same variability analysis to each run of the modulation phase and analysed these pattern variability values 710 using a 2×5 ANOVA (modulation; run). We saw a significant main effect of run, reflecting that pattern 711 variability of the VVC increased with repetitions (F [4,25]=10.55, p<0.001, η² =0.297). We also saw a 712 main effect of modulation, reflecting that pattern variability of the RETRIEVAL ASSOCIATIONS is 713 consistently higher than the variability of SUPPRESSION ASSOCIATIONS (F [1, 25]=23.77, p<0.001, η² 714 =0.487). The interaction between modulation and runs just failed to be significant (F [4, 25]=2.427, 715 p=0.053, η² =0.089; Figure 5D ). This pattern of results suggests that increased pattern variability is not 716 only the result of repetition: even though memory cues of SUPPRESSION ASSOCIATIONS have also 717 been presented ten times during the modulation, repeated retrieval more effectively enhanced pattern 718 distinctiveness compared to suppression. We applied the same dynamic modulation analysis to the right 719 AG, left SMG, and bilateral precuneus, but found no evidence of interaction between modulation and runs 720 (right AG: F=1.15, p=0.337; left SMG: F=0.2, p=0.938; left precuneus: F=1.81, p=0.13; right precuneus: 721 F=0.37, p=0.82). We did not perform the same analysis to the activity patterns of the hippocampus, left 722 AG, or right SMG because no effect was found in the final memory test. 723 
754
Retrieval suppression was associated with reduced lateral prefrontal activity 755
Weaker lateral prefrontal cortex (LPFC) activation as the result of retrieval suppression 756
The contrast between retrieval of SUPPRESSION ASSOCIATIONS and CONTROL ASSOCIATIONS 757 during the final test revealed decreased activation oin one cluster in the left LPFC (x=−52,y=38, z=16, Z 758 peak=4.09, size=1320 mm 3 ; Figure 7A ). We did not find any significant effect of retrieval suppression on 759 hippocampal activity amplitude in the whole-brain or the ROI analysis (left hippocampus: t=-1.14, df=26, 760 p=0.26; right hippocampus: t=-0.81, df=26, p=0.43). Also, repeated retrieval suppression was associated 761 with reduced activity in the right AG (t=-2.07, df=26, p=0.048), but not left AG (t=-0.865, df=26, 762 p=0.395), left SMG (t=1.214, df=26, p=0.236), right SMG (t=0.867, df=26, p=0.394), left precuneus (t=-763 0.77, df=26, p=0.44) or right precuneus (t=-1.13, df=26, p=0.26). 764
To characterise dynamical activity changes in the left LPFC, we extracted beta values from the cluster for 765 each modulation run and found a decreased activity from the first run to the fourth run during retrieval of 766 SUPPRESSION ASSOCIATIONS (F [3, 25]=2.98, p=0.036, η² =0.107). However, we found an unexpected 767 activation increase from the fourth to the fifth run, and if we combined data from all five runs, the effect 768 failed to be significant (F [4, 25]=2.03, p=0.09, η² =0.075; Figure 7B ). For the right AG, we did not find 769 any significant trend for a gradual decrease in activity during the modulation phase ( Give the modest effect of memory suppression on final memory performance, but the strong correlation 779 between the intrusion slope and suppression-induced forgetting, we further investigated suppression-780 induced changes in activity pattern variability among participants who showed strong negative intrusion 781 slopes and (by correlation) more suppression-induced forgetting. More specifically, we used the median 782 split method to divide the data of all participants into two groups (strong suppression group vs weak 783 suppression group) according to their intrusion slope value and compared changes in pattern variability 784 between groups. Our results suggested that both groups did not demonstrate differential suppression-785 induced changes in pattern variability for all ROIs investigated (Table S4) . 
DISCUSSION 797
Active memory retrieval is known to be a powerful memory enhancer, while memory suppression tends to 798 prevent unwanted memories from further retrieval. Previous neuroimaging investigations of the neural 799 effect of repeated retrieval and suppression revealed corresponding neural changes in both univariate 800 activity analysis and multivariate activity patterns analysis. Building on these findings, we tested whether 801 similar neural changes can be detected when modulation is delayed by 24 hours (i.e. newly acquired 802 memories have undergone the initial consolidation). In addition, because we collected fMRI data from representations in the parietal lobe. Critically, our dynamic analysis provided converging evidence for the 808 adaption of stronger mnemonic representations in visual processing areas, which were involved in the 809 initial perception. Our results suggested that repeated retrieval of newly acquired memory and initially 810 consolidated memory may be associated with similar neural changes. 811
Repeated retrieval strengthened consolidated memories. Behaviorally, our results demonstrate that, after 812 an initial delay of 24 hours, repeated retrieval strengthened memories further, indexed by higher recall 813 confidence and shorter reaction times. The beneficial effect of retrieval practice on the subsequent 814 and thus we did not find higher recall accuracy of RETRIEVAL ASSOCIATIONS compared to CONTROL 817 ASSOCIATIONS. Corroborating the behavioural effect during the final memory test, we also found that 818 repeated retrieval of certain memories increased their tendency to remain stable in mind during the 819 modulation phase. 820
Repeated retrieval is associated with subsequent decreasing activity amplitude. Our whole-brain 821 univariate analysis revealed a set of brain regions including frontal, parietal (mainly precuneus) and 822 ventral visual areas that showed decreasing activity amplitude with repeated retrieval. Activity changes in 823 showed that compared to controls, repeated retrieval led to less similar activity patterns in ventral visual 842 areas, and almost all parietal ROIs, including AG, SMG, and precuneus. Using a conceptually similar 843 method, Ferreira and colleagues also reported increased item-unique activity patterns in parietal regions 844 across two days (Ferreira et al., 2019). These results together may suggest the interaction between the 845 effect of repeated retrieval on episodic-unique neural representations and consolidation during sleep or 846 consolidation in general. Similar representational dissimilarity analysis has been used to analyse patterns 847 of activity during retrieval suppression (Gagnepain et al., 2014). However, after the modulation, 848 participants of this study only performed a visual perception task which measures repetition priming 849 instead of a direct measure of memory. Therefore, it is impossible to directly compare the trial-by-trial 850 pattern similarity during retrieval between RETRIEVAL and CONTROL associations. 851
One novel aspect of our findings is that after repeated retrieval, we found the decreased retrieval-related 852 activity amplitude correlated with enhanced distinctiveness of activity patterns in ventral visual areas and 853 precuneus. Our dynamic analysis of these two neural measures during modulation and subsequent 854 memory test confirmed further that the neural changes observed during the later test are associated with 855 dynamic adaptation of activity amplitude and pattern variability during modulation. However, this is not 856 true for the precuneus. In general, this pattern of results is in line with our knowledge about how 857 expectations shape brain responses. Expected stimuli reduce overall activity amplitude, a phenomenon 858 2012). By correlating these two neural changes in the same regions, our study reported a similar 861 phenomenon during memory retrieval. This finding suggests that the inverse relationship between overall 862 activity amplitude and pattern-based information representation holds not only for visual expectation but 863 also for memory retrieval. During retrieval of strengthened memories, redundant neural activity is 864 suppressed and only the fine-grained neural patterns are reinstated, enabling more distinctive memory 865 representations with higher fidelity. 866
Retrieval suppression inhibited lateral prefrontal activity during subsequent retrieval. For SUPPRESSION 867 ASSOCIATIONS, we observed lower LPFC activity amplitude, but relatively intact activity patterns in 868 visual areas, parietal lobe, and hippocampus during subsequent retrieval. Active memory suppression 869 during retrieval is proposed to be partially supported by inhibitory control mechanisms mediated by the Limitations. Our study has two limiting aspects that should be mentioned. Firstly, given that we only 894 found a modest effect of suppression-induced forgetting, it is difficult to interpret repeated suppression-895 related fMRI results. There are at least two possible reasons for this modest effect: first, due to extensive 896 training during encoding and/or the nature of our picture-location tasks, recall accuracy for all conditions 897 was close to ceiling level. Second, the suppression-induced forgetting effect is much smaller when 898 Given this correlation, we further compared suppression-induced neural changes between a strong and a 906 weak suppression group, but still did not find an effect of suppression on mnemonic representations. 907
These results may suggest that even for participants who showed suppression-induced forgetting, the 908 underlying mnemonic representations remain intact. 909
A second potential limitation of our study is that we only found the effect of repeated retrieval on trial-by-910 trial pattern dissimilarity instead of the more direct measure of memory reactivation such as decoding 911 accuracy or decision value (Linde-Domingo et al., 2019). It is noticeable that our pattern reinstatement 912 analysis demonstrated that, based on activity patterns in our ROIs, the individual picture can be decoded 913 when the classifier was trained on the localizer data (day1) before testing it on the final memory test 914 (day2). This reinstatement laid the groundwork for our pattern dissimilarity calculation because there is 915 evidence that these activity patterns used in the variability analysis carry indeed item-specific mnemonic 916 information during retrieval. However, when we divided the associations into three groups (i.e. retrieval, 917 suppression and control), we did not see the evidence that retrieval or suppression can separately modulate 918 decoding accuracies or d values. These results may suggest that decoding accuracies or d values used here 919
were not sensitive enough after initial consolidation, because perceptual information might already be 920 based on the transformed representation (Xiao et al., 2017). In addition, decoding outcomes and pattern 921 variability may associate with different aspects of mnemonic representations. Sensitive decoding depends 922 on the reinstatement of the original representation related to the perceptual input, while pattern variability 923 reflects episode-unique activity patterns across retrieved "mental images". Enhanced episode-unique 924 representations after repeated retrieval, particularly in the visual processing areas, support the following 925 notion. Given that our memory cues (i.e. highlighted locations) are visually very similar, the changes in 926 pattern variability in visual areas are more likely to be the result of enhanced mnemonic reinstatements 927 instead of variability induced by visual feartures of memory cues. 928
Conclusion. Taken together, our study probed the effects of repeated retrieval and suppression on initially 929 consolidated memories. We showed that repeated retrieval dynamically reduces the activity amplitude in 930 the visual cortex and hippocampus while enhances the distinctiveness of activity patterns in the visual 931 cortex and parietal lobe. Moreover, reduction in activity amplitude correlated with the enhancement of 932 episode-unique mnemonic representations in visual areas and precuneus. By contrast, repeated 933 suppression as done here was associated with reduced lateral prefrontal activity, but intact mnemonic 934 representations. These findings extended our understanding of neural changes underlying memory 935 modulations from newly acquired memories to initially consolidated memories and suggest that active 936 retrieval may strengthen episode-unique information neocortically after initial encoding and also 937 consolidation. 938 939 940 941 942 943
